Objectives-An assessment of medial elbow stability is essential to the patient with an ulnar collateral ligament injury. Ultrasound imaging can be used to assess medial elbow stability. This study determined the effect of the elbow flexion angle on the medial elbow joint space during clinical tests of medial elbow stability.
R epeated overhead throwing activity has been associated with increased medial elbow instability. [1] [2] [3] Waris 4 investigated the medial elbow instability of javelin throwers, and athletes with increased elbow instability were found to have an increased risk of becoming unable to participate for durations ranging from a few weeks to a year. Tajika et al 2 reported that decreased athletic performance, a decreased elbow range of motion, and greater elbow pain were associated with an increase in the width of the medial elbow joint space of high school baseball pitchers. Given the association between medial elbow instability and increased disability, there is a need for increased understanding of the clinical assessment of the stability of the medial elbow.
A comprehensive clinical evaluation of the elbow includes an assessment of the integrity of the ulnar collateral ligament (UCL). The UCL provides up to 50% of the frontal plane stabilization of the elbow against a valgus load. 5 During the clinical evaluation, the patient's elbow is placed under a valgus load with the elbow in varying amounts of flexion. The anterior bundle of the UCL provides the greatest valgus restraint between 308 and 908 of elbow flexion; at flexion angles of greater than 908, the posterior band of the UCL contributes more restraint to valgus loads to the elbow. 3, 6 A thorough evaluation of the stability of the medial elbow must be performed at multiple elbow flexion angles.
Diagnostic ultrasound (US) has been shown to be as effective as magnetic resonance imaging in the diagnosis of UCL tears. 7 Diagnostic US can be used to monitor the anatomic changes that take place in throwing athletes. A recent study compared the width of the medial joint space of patients with partial and complete tears to unimpaired elbows. 3 Patients with UCL injuries were found to have greater medial elbow widths than control participants. The width of the medial elbow joint space during valgus stress can be an indicator of UCL laxity. 2 Diagnostic US facilitates the evaluation of the elbow and allows the patient's elbow to be repositioned during an evaluation, providing the clinician multiple views of the medial elbow in differing anatomic alignments. 8 Both US and radiography are capable of revealing the joint space at the medial elbow; however, US allows for visualization of the integrity of the UCL as well. 9 Many studies have shown the effects of overhead throwing on the medial elbow. [1] [2] [3] Periodic valgus stress has been associated with an increase in medial elbow laxity and morphologic changes to the UCL. 2 Improved understanding of the clinical tests used to assess medial elbow stability will help the clinician spot subtle changes in medial elbow stability and could prevent the occurrence of a more severe injury. The valgus test position does not stress the medial elbow while in a position similar to the throwing position. Alternative methods to test the integrity of the UCL include the "milking maneuver" and the "abduction stress test." The milking maneuver, stresses the medial elbow at 908 of elbow flexion and 908 shoulder abduction. 6 Differences in the width of the medial elbow joint in unimpaired elbows during the valgus stress test and the milking maneuver have not been documented.
The purpose of this study was to evaluate the effect of a changing elbow flexion angle on the width of the medial joint space during clinical stress tests of unimpaired medial elbows. Three clinical tests of medial elbow stability were used in this investigation: the standard clinical valgus stress test, 10 the milking maneuver, 6 and the gravity stress test. This study evaluated the width of the medial joint space of the nondominant elbow in participants without a history of involvement in overhead throwing activities. The clinical tests investigated the elbow at differing flexion angles and valgus force applications. We hypothesized that the width of the medial joint space would increase during the valgus stress tests and the milking maneuver. The greatest increase in the width of the medial elbow joint space would occur during the valgus stress tests.
Materials and Methods

Participants
The study was conducted with 31 healthy participants; 1 was excluded because of a previous arm injury. Before the start of testing, all participants provided written informed consent. The Marshall University Internal Review Board approved this project (IRBNet No. 8683 19-2). Participants were included if they were 18 to 30 years of age, were right hand dominant, did not have a history of upper extremity injury during the previous 1 year, and did not have a history of playing throwing sports. Exclusion criteria were a history of upper extremity fractures, elbow surgery, and any known elbow disorder (eg, medial or lateral epicondylitis, arthritis, or muscle or tendon strain). All measurements were made on the participant's left, nondominant elbow. The nondominant arm was used to ensure that all participants would not show the anatomic changes that have been associated with the repeated valgus loading during overhead throwing activities. The Quick Disability of the Arm Shoulder and Hand questionnaire was used to determine the level of upper extremity disability, satisfaction, and pain in all participants.
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A sample size calculation was performed on the basis of the results of a pilot study on 7 participants. The 95% confidence interval for the minimal detectable change in the width of the medial joint space based on the pilot test data was 0.36 mm. The sample size calculation was performed with G*Power version 3.0.10 software (University of Kiel, Kiel, Germany). Statistical power was established at 12b 5 0.80; statistical significance was set at P < .05. To detect a difference of 0.36 mm, a sample size of more than 15 participants was required.
Protocol
This investigation used a repeated-measures design. Ultrasound images were collected while the participants were in each of 3 test conditions. Each of the 3 elbow stability tests were imaged 2 times in unstressed and stressed conditions, with the mean of the measurements being used for the analysis. All US images were collected from the participant's medial left elbow. The clinical stress tests were performed by a certified athletic trainer with 5 years of experience.
Procedures
Special Tests
For the valgus stress test, the participant's elbow was flexed to 258, with the glenohumeral joint in a neutral position. The clinician was located to the lateral side of the joint being tested, and a valgus force (from the lateral portion of the elbow) was applied while the opposite hand stabilized the forearm (Figure 1, right) . 10 The milking maneuver (Figure 1 , left) was performed with the participant's arm at 908 abduction and 908 of elbow flexion. The examiner grasped the participant's thumb (forearm supinated). Then using his or her own elbow as a fulcrum, the examiner applied valgus force to the participant's elbow. 6 For the weighted stress test, the participant's elbow was flexed to 258, with the glenohumeral joint in neutral. The clinician placed a 5-lb weight around the participant's distal forearm, applying valgus force along with gravity ( Figure 1, center) . The clinician ensured that the elbow flexion angle stayed at 258 during the test. The elbow flexion angle was measured with a 2-arm goniometer before the application of the valgus force in all special test positions.
Ultrasound Imaging
Ultrasound images of the participant's left elbow were collected with a Mindray m5 US unit (Mindray Ltd and National Ultrasound, Inc, Duluth, GA) with an adjustable 8.0-12.0-MHz frequency linear array transducer. To view the UCL, the transducer was oriented along the long axis of the UCL, using the trochlea of the humerus and the sublime tubercle of the ulna as landmarks. 1 The technique to best view the UCL is performed by placing a linear transducer in the coronal plane with the most medial aspect of the transducer head placed over the medial epicondyle. 12 The US gain was set at 80 and the frequency at 10 MHz for all participants. The width of the medial joint space was defined as the distance between the trochlea of the humerus and the coronoid process of the ulna.
1 These landmarks were identified by the hyperechoic edges that were present on a US image of the medial elbow ( Figure 2 ). All images were stored electronically within the US unit for future analysis, and all measurements were made with software housed within the US unit.
The measurement error for the medial elbow width was determined before the investigation. Seven participants participated in a test-retest investigation to calculate the interclass correlation coefficient and standard error of the measure. The interclass correlation coefficient values for the unstressed position ranged from 0.864 to 0.983, and for the stressed condition, they ranged from 0.939 to 0.961. The average standard error of the measure was 0.1 mm for the unstressed position. The average minimal detectable change for the unstressed position was 0.2 mm, and for the stressed position, it was 0.2 mm.
Statistical Analysis
A 2-way analysis of variance with repeated measures [stress (2) 3 test (3)] was used to determine differences in the width of the medial joint space among the test conditions. Paired t tests were performed to determine differences among the tests. All statistical calculations were performed with SPSS version 21 statistical software (IBM Corporation, Armonk, NY). A statistically significant difference was established at P < .05. 
Results
Participant demographics are presented in Table 1 . The width of the medial joint space increased with the applied valgus [mean difference 6 SD, 0.8 6 0.04 mm; F (29,1) 5 368.63; P < .001; b 5 1.00; Figure 3] . The width of the medial joint space was greater in in the stressed condition (3.7 6 0.1 mm) than in the unstressed condition (2.9 6 0.09 mm; Figure 3) . The width of the medial joint space differed among the test conditions [F (58,2) 5 4.936; P 5 .010; b 5 0.788; Figure 3 ] There was no significant difference (P > .99) in the mean measurement of the width of the medial joint space between the valgus stress test (3.4 6 0.1 mm) and the weighted valgus stress test (3.4 6 0.1 mm), whereas the width of the medial elbow joint space during the milking maneuver (3.2 6 0.1 mm; mean difference, 0.16 6 0.01 mm; P 5 .01) was narrower than in the valgus stress test positions (Figure 4) . The increase in the width of the medial joint space with applied stress was consistent across the tests ( Figure 5 ). The analysis revealed that the stress-by-test interaction was not significant [mean difference, 0.8 6 0.01mm; F (58,2) 5 1.205; P 5 .307; b 5 0.253). The increases in the width of the medial joint space due to the applied stress were consistent among the tests.
Discussion
The width of the medial joint space decreased with an increasing elbow flexion angle and increased with an DeMoss et al-Ultrasound-Assisted Assessment of Medial Elbow Stability applied valgus force. Changing the elbow flexion angle did not affect the increase in the width of the medial joint space with the applied valgus load. The change in the width of the medial joint space increased greater than the calculated minimal detectable change (mean increase, 0.8 mm) during all 3 test conditions. These findings support the first part of the hypothesis but did not support the second part. We hypothesized that the width of the medial joint space would be greater during the valgus stress tests (both clinician applied and weighted) compared to the milking maneuver. A statistically significant difference in the width of the medial joint space was found between the valgus stress test and the milking maneuver but not between the weighted valgus test and the milking maneuver. It was hypothesized that a greater increase would be seen during the valgus stress test. The change in the width of the medial joint space with applied valgus force was consistent among the tests. The clinical tests used in this study showed that the effect of applying a valgus stress remains constant throughout the varying joint angles; however, the width of the medial joint space decreased when increasing the elbow flexion angle and supinating the forearm. The literature is not consistent in the reported measures of the width of the medial elbow joint space. This inconsistency is likely due to the variability in the definition of the medial joint space used by the authors of previous articles and differing population samples. Previous studies used differing anatomic landmarks to define the width of the medial joint space. The changes in the medial joint space ranged from 0.6 to 1.0 mm in the respective studies, which were consistent with the change found in this study. This investigation measured the width of the medial elbow joint space in participants without elbow impairment. Participants with elbow pain would likely behave differently with these clinical evaluation techniques. This study provides a foundation for future research to evaluate the effect of changing the elbow flexion position on the medial elbow width in a clinical population with medial instability.
Ciccotti et al 1 used dynamic US to evaluate the width of the medial joint space of 368 asymptomatic professional baseball pitchers before the season. They identified physiologic changes in the elbows of the pitchers. Ciccotti el al 1 reported that the widths of the medial joint space at rest were 3.32 6 0.07 mm in the dominant elbow and 2.94 6 0.12 mm in the nondominant elbow. The difference in the width of the medial joint space was not statistically significant. Under stress, however, the width of the medial joint space in the dominant elbow was significantly greater than that in the nondominant elbow, with values of 4.56 6 1.1 mm in the dominant elbow and 3.72 6 0.92 mm in the nondominant elbow. These identified differences between dominant and nondominant elbows would likely be due to the repeated valgus loading during throwing activities.
Research has shown that anatomic changes associated with throwing begin developing at an early age and not only in those with elongated careers. Tajika et al 2 evaluated high school pitchers both with and without symptoms of elbow pain or discomfort. Their findings were similar to that of Ciccotti et al 1 in that the dominant side also had a significantly greater width of the medial joint space, with and without gravity valgus stress, and a greater difference between the widths of the medial joint space. Both of these studies performed the test with the elbow flexed at 308. The increase in the flexion angle results in different parts of the UCL being labeled as the primary static stabilizer. With the elbow joint at 308 of flexion, the anterior band is the primary stabilizer. As the flexion angle increases, the posterior band becomes the coprimary static stabilizer at the medial elbow. 3 With this change occurring as elbow flexion increases, the change in the width of the medial joint space may indicate that the milking maneuver tests both the anterior and posterior bands of the UCL.
Overhead throwing athletes have an array of throwing styles that position their elbows in varying amounts of flexion. Previous studies of cadaveric elbows have shown that increases in laxity and the width of the medial joint space are associated with changes in elbow flexion and the forearm position. 13 Seiber et al 13 evaluated the role of the elbow musculature, forearm rotation, and elbow flexion angle on elbow stability. That study found that there was no statistically significant relationship noted between the stability of the medial elbow and degree of elbow flexion over the range of elbow flexion angles tested. Studies have shown an increase in the width of the medial joint space of the dominant arm. 1, 2, 14 Our study chose to use the nondominant arms of those who were not overhead throwing athletes. Using these participants ensured that the differences found in this study were not due to anatomic adaptations associated with repeated valgus loading but, rather, anatomic changes associated with changes in the flexion angle.
Our testing showed that the change in joint positioning had an effect on the width of the medial joint space, but changing the elbow flexion angle did not affect the change in the width of the medial elbow during valgus loading. We studied unimpaired participants to reduce the between-subject variability so that we could investigate the effect of a changing elbow flexion angle on the width of the medial elbow. To our knowledge, the effect of the elbow joint position on the width of the medial joint space had only been studied on cadavers; this study has extended that work to an in vivo situation. Changes in the elbow anatomy that result from repeated throwing activities could affect the stability of the medial elbow, changing the width of the medial elbow while under valgus loading.
Research investigating the width of the medial joint space, and the effect of the forearm position and elbow flexion angle on the width of space, was conducted on 14 cadaver models. 3 This study examined in vivo elbows that were free of the anatomic and physiologic changes associated with repeated arm activity, as opposed to other studies that evaluated the elbows of overhead throwing athletes. We likely would find a greater effect of a changing elbow flexion angle on the width of the medial elbow during an applied valgus load on the dominant side of throwing athletes. That factor was a limitation of this study; future work in this area should be performed to determine the effect of an increased elbow flexion angle on the width of the medial joint space of throwing athletes and in patients with elbow pain. The changes in the width of the medial elbow joint space resulting from varying the elbow flexion angle provide evidence to support the utility of performing US-assisted clinical assessments of elbow stability at varying elbow flexion angles.
In conclusion, this study provides evidence that changes in the width of the medial elbow during a clinical evaluation of an unimpaired elbow can be detected by US. This study found that by increasing elbow flexion, a significant change occurred in the width of the medial joint space. It is also evident that in all clinical tests, an applied stress opens up the medial joint space. Using US, medical professionals can assess the stability of the medial elbow in 3 clinical tests used by clinicians.
